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(54) Title: ANAESTHESIA CONTROL SYSTEM 




(57) Abstract 

An anaesthesia control system and a method of calculating an index representative of the depth of anaesthesia is disclosed. The method 
comprises subjecting a patient to a repetitive audio stimulus and monitoring auditory evoked potentials (AEP) produced by the patient and 
then recording these auditory evoked potentials using EEG recording means and providing a signal corresponding to the coarseness of the 
monitored AEP signal and using this signal as an index indicative of anaesthetic depth. The raw AEP signal is divided into a scries of 
sweeps and each sweep is synchronised with the repetitive audio stimulus and sweeps are recorded in sequence to produce a time averaged 
sweep from which the anaesthetic index is calculated. The anaesthetic index is constantly updated by repeatedly conducting a successive 
series of sweeps. The system and index signal can be used as part of an anaesthesia control system for regulating the supply of anaesthetic 
to the patient to maintain the anaesthetic index at a predetermined level 
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ANAESTHESIA CONTROL SYSTEM 

The present invention relates to an anaesthesia 
control system and a method for calculating an index 
representative of the depth of anaesthesia. The 
invention is applicable in particular, though not 
5 exclusively, to a system and method for providing closed- 

loop anaesthesia control such as will safely maintain a 
patient in an unconscious state without requiring human 
intervention. 

Conventional anaesthesia systems require an 

10 anaesthetist to manually control the anaesthetic dose 

given to a patient in dependence upon displayed vital 
signs, e.g. heart rate and blood pressure, and upon the 
visually observable reaction of the patient. However, 
when a patient is paralysed and ventilated these vital 

15 signs are not completely reliable as indicators of 

anaesthesia depth and there have been reports of patients 
being awake during an operation despite their vital signs 
being within normal limits. 

In an attempt to eliminate or reduce the possibility 

20 for error in the dosage of an anaesthetic, research has 

been carried out into providing a more reliable 
indication of anaesthesia depth and, in particular, a 
more direct index of anaesthesia depth. Almost all 
proposals have relied upon the analysis of cerebral 

25 electrical activity and more particularly of recorded 

electroencephalographic (EEG) signals . 

The cerebral function analysis monitor (CFAM) [see 
Sebel PS, Maynard DE, Major E, Frank M, "The Cebrel 
Function Analysis Monitor (CFAM) : A New Microprocessor- 

3 0 based Device for the On-line Analysis of the EEG and 

Evoked Potentials", BR J Anaesth 1983; 55: 1265-1270] is 
a commercially available system which provides a 
quantitative indication of anaesthetic depth. The CFAM 
system functions by analysing the spectrum of recorded 
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EEG signals. 

In an attempt to establish a more reliable method 
for measuring depth of anaesthesia, researchers have 
recently investigated the change in lower oesophageal 
5 contractility associated with anaesthesia. This 

contractility has been shown to be related to the end- 
tidal concentration of volatile anaesthetics. However, 
it has been found that this method is insufficiently 
discriminating at the interface between consciousness and 
10 unconsciousness to be used as a monitor of anaesthetic 

depth. 

Despite the considerable amount of research carried 
out in this area, the anaesthesia indices obtained by 
researchers remain unreliable and there exists 

15 considerable reluctance to allow the widespread 

introduction of closed- loop anaesthesia control systems. 
WO 93/07804 describes a system in which a quantitative 
measure of anaesthetic depth is again obtained by 
analysing the frequency spectrum of the recorded signals. 

20 A system implementing this approach is the 'A1000'™ 

monitor available from Aspect Medical Systems, Inc. 
Massachusettes , USA. 

It is an object of the present invention to overcome 
or at least mitigate certain of the disadvantages of the 

2 5 above systems and methods. 

In particular, it is an object of the present 
invention to provide a system and method for generating a 
reliable quantitative measure of anaesthetic depth. 

It is a further object of the present invention to 

3 0 provide an anaesthesia index which is a measure of 

anaesthetic depth and which may be used in a closed- loop 
anaesthesia control system. 

According to a first aspect of the present invention 
there is provided a method of calculating an index 
35 indicative of anaesthetic depth, the method comprising 

subjecting a patient to a repetitive audio stimulus, 
monitoring auditory evoked potentials (AEP) produced by 
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the patient, and providing a signal corresponding to the 
coarseness of the monitored AEP signal, and using said 
signal as said index indicative of anaesthetic depth. 
It has been found that the coarseness of the AEP 
5 signal provides a good indication of anaesthesia depth, 

with the coarseness of the signal being found to decrease 
as the depth of anaesthetic increases. 

The term 'coarseness' is used here to means a 
combined measure of the amplitude and frequency of the 

10 monitored AEP signal i.e. a measure of the curvature of 

the signal. Typically, a high coarseness equates to a 
signal having large amplitude and high frequency whilst a 
low coarseness equates to a signal having low amplitude 
and low frequency. Intermediate 'coarseness' may be a 

15 low amplitude/high frequency or a high amplitude/low 

frequency. It will be appreciated that it is difficult 
to give an absolute specification or definition of 
coarseness; coarseness is a relative measurement of a 
time varying signal which varies in amplitude and in 

20 frequency. The term coarseness is used to define a 

parameter which can be readily used in the implementation 
of the method and apparatus in the clinical environment. 

In a preferred embodiment of the present invention, 
the monitored or raw AEP signal is divided into a series 

25 of sweeps or frames of a given duration, each sweep being 
synchronised with the repetitive audio stimulus. A 
number of sweeps n are recorded in sequence and are 
averaged to produce a time averaged sweep. For the time 
averaged sweep the anaesthesia index is calculated. Each 

30 time a new series of sweeps is recorded, a new time 

averaged sweep is determined from the most recent n 
sweeps and the anaesthesia index for that time averaged 
sweep calculated. In this way the anaesthesia index is 
constantly updated. 

3 5 Where the method involves the use of a digital 

computer, the raw AEP signal is sampled at regular 
intervals to produce a digitised AEP signal. A preferred 
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method of obtaining said indication of coarseness is to 
obtain a measure of the differences between neighbouring 
sample points. In the case where a moving time averaged 
sweep is obtained, this measure may be a function of the 
5 sum of the square roots of the difference between every 

two adjacent sample points in the time averaged sweep. 

According to a second aspect of the present 
invention there is provided a method of maintaining 
closed-loop control of anaesthesia depth, the method 
10 comprising supplying a dosage of anaesthetic to a 

patient, calculating an anaesthetic depth index according 
to the above first aspect of the present invention, and 
using the value of the anaesthetic depth index to 
regulate the anaesthetic supply to maintain the 
15 anaesthesia depth index at or near a predetermined level. 

According to a third aspect of the present invention 
there is provided a system for calculating an index of 
anaesthetic depth, the system comprising a signal 
generator for subjecting a patient to a repetitive audio 
20 stimulus, electroencephalographic (EEG) recording means 

for coupling to said patient for recording auditory 
evoked potential < AEP) signal from the patient, and 
computer means for receiving said AEP signal, and for 
processing said AEP signals and generating an index 
25 signal indicative of the coarseness of the recorded AEP 

signal, said index signal being representative of the 
depth of anaesthesia. 

According to a fourth aspect of the present 
invention there is provided an anaesthetic supply control 
3 0 system including a system for calculating an index of 

anaesthetic depth according to the above third aspect of 
the present invention for a patient, and anaesthetic 
supply means including a regulator for regulating the 
supply of anaesthetic to the patient to maintain the 
35 anaesthetic depth index at a predetermined level. 

The present invention is particularly applicable to 
anaesthesia systems which use a liquid anaesthetic, such 



SUBSTITUTE SHEET (RULE 26) 



WO 98/10701 



PCT/GB97/02435 



-5- 

as propofol, the dosage of which can be very accurately 
regulated. 

For a better understanding of the present invention 
and in order to show how the same may be carried into 
5 effect reference will now be made, by way of example, to 

the accompanying drawings in which: 

Fig. 1 shows schematically an embodiment of an 
anaesthesia control system according to the present 
invention; 

10 Fig. 2 is a block diagram of the EEG amplifier of 

the system of Fig. 1; 

Fig. 3 shows a detailed circuit diagram for the EEG 
amplifier of Fig. 2; 

Fig. 4 illustrates schematically the collection of 
15 256 consecutive AEP frames using the system of Fig. 1; 

Fig. 5 illustrates a schematically moving time 
averaged frame obtained from the 2 56 consecutive frames 
of Fig. 4; 

Fig. 6 shows the general organisation of software 

20 used to control a microprocessor of the system of Fig. 1; 

Fig. 7 is a flow chart of a background task of the 
software of Fig. 6, and 

Fig. 8 is a flow chart of a foreground task of the 
software Fig. 6. 

25 There is shown in Fig. 1 an anaesthesia control 

system for maintaining a patient 1 in an unconscious 
state whilst the patient undergoes surgery. The patient 
1 wears a pair of earphones 2 which are driven by a 
signal generator 3 to sound "clicks*' of 1ms duration at a 

30 frequency of 6 . 9Hz to both the patient's ears. The 

amplitude level of the clicks is maintained at 70dB above 
normal hearing level. It is well known in the field of 
neurophysiology that such repetitive clicks sounded in 
the ears of a patient will produce distinctive 

35 potentials, known as auditory evoked potentials (AEP) , in 

the electroencephalographic (EEG) response of the 
patient. [See Kenny GN, Davies FW, Mantzaridis H. 
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" Transition between consciousness and unconsciousness 
during anesthesia". Anesthesiology 1993; 79: A330 and 
Kenny GN, Davies FW, Mantzaridis H, Fisher AC. "Closed- 
loop control of anesthesia". Anesthesiology 1992; 77: 
5 A328] . 

A liquid anaesthetic, for example propofol, is 
supplied intravenously to the patient through a tube 4 
from a pump 5. The pump is of a known type (e.g. Ohmeda 
9000™ syringe pump) which is controlled to accurately 

10 regulate the anaesthetic dose given to the patient. A 

controller 7 is arranged to process AEP signals for the 
purpose of generating an anaesthetic depth index for 
display on a controller display 7a. The anaesthetist 
uses the displayed index to control the pump 5. 

15 The controller 7 receives an analogue input signal 

from an EEG amplifier 8 which is shown in greater detail 
in Fig. 2. The EEG amplifier 8 comprises at its input a 
medical grade preamplifier 9 the output of which is fed 
to a main amplifier 10. Power is supplied to the EEG 

20 amplifier components from a power supply 12. The main 

requirements of the EEG amplifier 8 are: 
1) A very high common mode rejection ratio (CMRR) , 
typically in excess of HOdB, even when the electrode 
impedances are noc matched; 

2 5 2) A frequency response in the range 1 to 3 00Hz; 

3) The amplifier should be portable with small physical 
dimensions ; 

4) The system should be suitable for theatre use, i.e. 
with shielded or guarded leads, appropriate patient 

3 0 isolation, immunity to diathermy and other sources of 

interference . 

Fig. 3 shows in greater detail the circuitry 
comprising the EEG amplifier 8. The preamplifier 9 is 
provided by an IA 297 medical grade isolation amplifier 
35 (Intronics, USA) which provides full patient protection 

from leakage currents and amplifier fault currents. This 
applies to both input protection and input /output 
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isolation currents. The IA 297 is an ultra low noise 
true medical isolation amplifier which can operate at 
common mode input voltages of up to 5000V DC continuous. 
The common mode rejection ratio (CMRR) is 170dB with a 
5 balanced source impedance and l60dB with a SKQ source 

imbalance. The input noise voltage of the preamplifier 
is 0.3/xV (10Hz to 1kHz rms) and the current noise is 4pA 
(0.05Hz to 1kHz rms) . The input bias current is 200pA 
and is limited to 10/iA in the event of failure of any 

10 component. The frequency response of the preamplifier is 

from DC to lOKHz and the overload recovery time is 20ms. 
The IA 297 provides an overall gain of xlO. 

The output from the preamplifier Ul is filtered by 
the high-pass filter network Cl-Rl which provides a -3dB 

15 cut-off point at 0 . 9Hz . The filtered signal is then 

amplified by two identical amplification stages 10a, 10b 
arranged in series. Each amplification stage 10a f 10b is 
based around an operational amplifier (OP77) which offers 
exceptional gain linearity with an equivalent input noise 

20 of 10nV/v / Hz. The gain of each amplification stage 

I0a,10b is x94 to give an overall amplifier gain at the 
output of the second amplification stage of 88360 (10 x 
94 x 94) . 

The output from the second amplification stage 10b 
25 is supplied to a digital attenuator comprising a 12 bit 

digital-to-analogue converter 14 based on IC3 which is a 
DAC 1220 has a linearity error of 0.05% fullscale. This 
error is substantially independent of the voltage 
reference. The output from the attenuator is supplied to 
30 a wide bandwidth JFET operational amplifier (IC4) 16, 

which has an input bias current of 50pA and an equivalent 
input noise of 2 5nV/VHz and which acts as a buffer 
amplifier having a gain of xl. 

The output stage of the EEG amplifier 8 consists of 
35 a further xl gain amplifier 18 (IC5) which allows a DC 

offset to be introduced to the amplified signal. This 
offset simplifies the connection to subsequent unipolar 
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analogue to digital converters . 

At intermediate points in the EEG amplifier 8, the 
signal is filtered by three low-pass first order filters 
(C2-R3, C3-R5 and C5-R9) which each have a -3dB cut-off 
5 point at 219Hz. 

All of the resistors used in the EEG amplifier 8 are 
precision metal film resistors with a 0.1% tolerance and 
a temperature coefficient of ± 15ppm/°C The polarised 
capacitors of the amplifier 8 are solid tantalum and the 
10 non-polarised capacitors are metallised polycarbonate 

film with 5% tolerance and a temperature coefficient of 
±50ppm/°C. Ceramic bypass capacitors are used to reduce 
instabilities caused by transients in the power supply 
lines . 

15 The power supply unit for the EEG amplifier is of a 

conventional linear AC/DC design which provides high 
stability, low noise outputs of. +15V, ±9V and +5V for the 
various stages of the amplifier. It also offers 5000V 
isolation between its primary and secondary coils. Power 

20 supplies having these characteristics are commercially 

available from, for example, 'RS', 'Amplicon' , or 'Tandy' 
(all TMs) . 

The EEG amplifier 8 is situated as close as possible 
to the head of the patient and is coupled to three 

25 electrodes 20 attached to the patient's head. A first 

electrode 20a is placed on the right forehead (+) # a 
second electrode 20b is placed on the right mastoid (-), 
and the third electrode 20c is placed on the middle of 
the forehead (reference) . It has been found that 

3 0 standard disposable ECG electrodes (for example M-00-S by 

Medicotest) provide acceptable results provided that the 
patient's skin is carefully cleaned with alcohol swabs 
prior to attaching the electrodes with electrode jelly. 
There are two very important reasons for ensuring 

35 that the electrode/skin impedances of the electrodes are 

as low as possible. Firstly, thermal or Johnson noise is 
generated by the electrode/skin resistance and is 
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proportional to the square root of the resistance. 
Secondly, the CMRR is reduced significantly if the 
electrodes have imbalanced impedances . The balancing of 
the impedances is easier to achieve if the impedances are 
5 as low as possible. 

More recently, a new type of electrode, known as 
"Zipprep" TM (produced by Aspect Medical Systems) , has 
become available. These electrodes achieve very low 
impedances with minimal skin preparation and are suitable 

10 for use with the system described herein. 

With reference to Fig. 1, the controller 7 is used 
to trigger the signal generator 3 to sound repeated 
clicks in the patient's right ear. Synchronisation of 
the signal generator is important in ensuring that the 

15 anaesthesia index, calculated as described hereinbelow, is 

as reliable as possible. 

The physical construction of the microprocessor 
based controller 7 will not be set out in detail here as 
it is a standard design. Indeed, whilst it may be 

20 preferable to design a purpose built controller in order 

to achieve a more portable and cost efficient design, the 
controller is readily implemented by a standard desktop 
or notebook personal computer. 

Before describing the structure of the control 

2 5 program, the method used to calculate an index of 

anaesthesia depth will now be described. 

In order to calculate the anaesthetic depth index, a 
recorded EEG signal is sampled at a rate of 1.7KHz by a 
12 bit analogue to digital converter (PCM-DAS08, Computer 

30 Boards Inc. MA., U.S.A. ) and was processed in realtime by 

the computer. These samples are buffered in "sweeps" of 
256 samples such that each sweep extends over a duration 
of 144ms. Auditory evoked potentials were produced by 
averaging these sweeps. As illustrated in Fig. 4, a 

35 memory table of the controller 7 is created to store 256 

consecutive sweeps. When a first group of 256 sweeps 
have been recorded, an averaged AEP curve or sweep is 
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generated by averaging the 25 6 sweeps, i.e. by averaging 
the recorded 256 samples in each column of the memory 
table as illustrated in Fig. 5. 

Each time a new 256 sample sweep is recorded, the 
memory table shown in Figs. 4 and 5 is updated by 
discarding the sweep at the top of the table i.e. sweep 
1, and adding the new sweep to bottom of the table, i.e. 
as new sweep 256. A new time averaged sweep is then 
generated so that over a period of time a sequence of 
moving time averaged sweeps are created. This technique 
allows a faster response of the system to changes in the 
AEP signals. 

A common source of error in AEP signals is due to 
artefacts which arise mainly from patient or electrode 
movement and the use of diathermy during surgery. Each 
newly recorded sweep is therefore examined to see if the 
signal amplitude at any point in the sweep exceeds a 
preset limit. If this limit is exceeded, the sweep is 
rejected and is not added to the table of Fig. 4. 
Typically, several subsequent sweeps (for example seven) 
following a sweep detected as containing an artifact are 
rejected before sweeps are once again added to the table 
of Figs. 4 and 5. In order to further enhance the time 
averaged sweeps, these sweeps are filtered by a digital 
low-pass finite impulse response (FIR) filter. The 
frequency response of this filter is 0-0.049 of the 
Nyquist interval. The filter is a 35 point filter (18 
coefficients) having a raised cosine window. 

The FIR filter is described by the difference 
equation : 

M -1 

y(n) = J2 *>kXln-M 

Where x(n) is the input to the filter, y(n) is the 
output, M is the number of coefficients (in this case 
35) , and b k are the coefficients. 

FIR filters have a number of advantages including 
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their linear phase response and their high level of 
stability which results from the absence of feedback. 

Once a moving time averaged and filtered frame has 
been obtained as described above, it is possible to 
5 calculate an index of anaesthesia depth. It has been 

observed that when patients lose consciousness, the 
amplitudes of most AEP peaks are reduced and their 
latencies are generally also increased. These changes 
occur almost simultaneously, and in the same direction, 

10 with all patients. A suitable index therefore is one 

which reflects these changes. 

An empirical algorithm has been developed for 
calculating such an index and is based upon the sum of 
the square roots of the difference between every two 

15 successive points in the moving time averaged sweep. 

This auditory evoked potential index is given by the 
following equation: 

255 

AEP = k \x t - X i¥X \ 

Where x x to x 256 are the sample points of the time 
20 averaged frame and k is a scaling constant' equal to 0.25 

x vV l . 

The AEP index is calculated for every filtered time 
averaged sweep and a plot of the index against time can 
be generated by the controller 7 for display on the 

25 controller display 7a. When the patient is awake the 

index is typically in the range 80 to 90 whereas during 
anaesthesia it is typically in the range 35 to 40. When 
the patient recovers consciousness, the index usually 
returns to a value slightly lower than the value 

3 0 immediately prior to anaesthesia. 

Fig. 6 shows in general terms the organisation of 
the controller software which implements the algorithm 
described above for calculating the AEP index as a 
measure of anaesthetic depth. The program has a multi- 

35 tasking organisation with a foreground task and a 
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background task running parallel to one another. These 
tasks are completely independent and communicate through 
"semaphores". The foreground task acts as an interface 
between the user and the background task causing the 
5 background task to initialise, start and stop. 

Fig. 7 shows in more detail the methodology of the 
background task. The recorded EEG signal is received by 
an analogue to digital converter of the controller (not 
shown) which, for sweeps consisting of 256 samples and 
10 with a duration of 144ms, generates hardware interrupts 

at a rate of 1.78KHz. These hardware interrupts cause 
the background task to read the data currently on the 
output of the ADC. In one cycle of the background task, 
from "start" to "end", a new single sample point is added 
15 to the memory table. If an artefact is detected as being 

present in a given sweep, that sweep is discarded. At 
the beginning of each new sweep, a further click is 
generated in order to ensure correct synchronisation of 
the subsequently generated sweep with the click. When 
20 the last point in each sweep is obtained, a new moving 

time averaged frame is calculated. 

Fig. 8 shows the general structure of the foreground 
task which interfaces the user to the background task. 
Once the foreground task is initialised, and has 
25 initialised and started the background task, it obtains 

the most recently generated time averaged AEP sweep from 
the background task. This AEP sweep is filtered using 
the FIR filter described above and the anaesthesia depth 
index calculated as discussed. The index is displayed on 
30 the controller display 7a for viewing by the 

anaesthetist . 

It will be appreciated by the skilled person that 
various modifications may be made to the above described 
embodiment without departing from the scope of the 
3 5 invention. In particular the system may be made into a 

closed loop anaesthesia control system by providing a 
control output, corresponding to the determined 
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anaesthetic depth index, from the controller 7 to the 
pump 5. Thus is indicated in Fig. 1 by the dotted line 
6. 

The system has been used clinically and is the 
5 subject of several studies : "Relationship between 

calculated blood concentration of propofol and 
electrophysiological variables during emergence from 
anaesthesia: comparison of bispectral index, spectral 
edge frequency, median frequency and auditory evoked 

10 potential index": M. Doi, R.J. Gajraj, H. Mantzaridis and 

G.N.C. Kenny, British Journal of Anaesthesia, February 
1997, Vol 78, No 2, pl80-184: and "Effects of 
Cardiopulmonary Bypass and Hypothermia on 
Elect roencephalographic Variables": M. Doi, R.J. Gajraj, 

15 H. Mantzaridis, and G.N.C. Kenny, (Accepted for 

Publication in 'Anaesthesia') [See Appendix 1]; "Analysis 
of the EEG bispectrum, auditory evoked potentials and the 
EEG power spectrum during repeated transitions from 
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SUMMARY 

We studied the effects of hypothermia and cardiopulmonary bypass (CPB) on four 
depth of anaesthesia monitors; spectral edge frequency (SEF), median frequency 
(MF), Bispectral Index (BIS) and Auditory Evoked Potential Index (AEPIndex) in 
twelve patients during uneventtiil cardiac anaesthesia. Each variable was recorded 
simultaneously at 10 periods during anaesthesia. All four variables were not affected 
by the transition to CPB. During hypothermia, values of AEPIndex, MF and SEF 
were tightly distributed but values of BIS were very variable and overlapped with 
those before induction of anaesthesia. The variability decreased during rewarming. 
The values of AEPIndex throughout the anaesthesia never overlapped with those 
before induction of anaesthesia. The AEPIndex was the most stable and reliable as a 
depth of anaesthesia monitor among the four variables in cardiac bypass surgery. 

Key words; Auditory Evoked Potential Index. Auditory evoked potential. Bispectral 
Index. Median frequency. 95% Spectral edge frequency. Cardiopulmonary bypass, 
hypothermia 

Running title: Effects of CPB and hypothermia on EEG 
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INTRODUCTION 

Awareness is a particular problem in cardiac anaesthesia with cardiopulmonary 
bypass (CPB). Electrophysiological methods are possible candidates to quantify depth 
of anaesthesia and to detect awareness during anaesthesia. For clinical purpose, the 
electrophysiological activity should be provided continually in a format that can be 
easily evaluated, for example a single numerical value. When electrophysiological 
methods are used as an intraoperative monitoring tool during hypothermia, 
temperature-dependent effects must be clearly defined [1]. 

Several investigations have shown that derivatives of surface electroencephalogram 
reflected the depth of anaesthesia. Among them, spectra! edge frequency 
(SEF)[2],[3],[4],[5] and median frequency (MF)[5],[6] have been studied as the single 
numerical parameter. Although temperature dependent changes of SEF [7], [8], [9] 
and MF [9] have been studied, their results were inconsistent and there was no study 
under anaesthesia with propofol and alfentanil. Recently bispectral analysis of EEG 
has provided a new variable, the Bispectral Index (BIS). Although BIS has been 
shown to detect consciousness [10][11] and to predict movement in response to 
surgery [12][13], effects of CPB or hypothermia on the BIS have not been reported. 

Auditory evoked potentials (AEPj is another possible monitor of the depth of 
anaesthesia. Middle latency auditory evoked potential (MLAEP) has been reported to 
correlate well with anaesthetic depth [14] and to be able to demonstrate potential 
awareness [15],[16]. However, the MLAEP are usually obtained intermittently and the 
waveforms are difficult to use in the clinical situation. More recently, the Auditory 
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Evoked Potential Index (AEPIndex; formerly knows as the Level of Arousal Score) 
was derived from AEP and has been proposed as a single numerical value for 
anaesthetic depth monitoring [17],[I8],[19],[20]. The AEPIndex reflects the 
morphology of AEP waveforms and is calculated from the amplitude difference 
between successive segments of the curve [19],[20]. Although Hett and the colleagues 
[21] reported the effect of hypothermia and CPB on AEP. changes of AEPIndex 
during cardiac anaesthesia have not been reported. 

We simultaneously recorded the four variables; AEPIndex. BIS. SEF and MF. from 
patients undergoing uneventful cardiac bypass surgery. The aim of the present study 
was to investigate the effects of hypothermia and CPB on the four variables . 
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METHODS 

Patients 

Approval of the Ethics Committee and informed consent for the study were obtained 
from 12 patients. The patients' demographics are shown in table 1. 

Anaesthetic management 

All patients were premedicated with temazepam 30 mg, ranitidine 150 ma and 
metoclopramidelO mg, given orally 2 hours before induction of anaesthesia. 
Anaesthesia was induced and maintained with target controlled infusions of propofol 
[22] and alfentanil [23]. The target controlled infusion svstem for propofol was 
operated bv a three c ompartment pharmacokinetic model "Diprifusor". The taraet 
concentrations that were set at each period during anaesthesia are shown in figure 1 . 
Pancuronium was used to provide neuromuscular block. Monitoring during surgery 
included invasive arterial pressure. ECG, pulse oximetry, central venous pressure, and 
nasopharyngeal and oesophageal temperatures. 

Management of extracorporeal circulation and hypothermia 

The bypass circuit was of standard construction; we used a membrane oxygenator and 
arterial line filter. The circuit was primed with 1.6 litres of Ringer's lactate solution. 
The flow rate was set at 2.4 L min' 1 m- : during cooling and was increased during 
rewarming to maintain venous blood haemoglobin oxygen saturation above 70 %. 
Changes of nasopharyngeal temperature during anaesthesia are shown in figure 2. 

Surface EEG Analyses 
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The EEG was obtained from four disposable silver-silver chloride electrodes (Zipprep, 
Aspect Medical Systems, MA, U.S.A.) placed on both sides of the outer malar bone 
(Atl and At2), Fpz as the reference and Fpl as the ground. Impedance of the 
electrodes was confirmed to be less than 2000 ohm. The BIS, MF and 95% SEF were 
measured using an EEG monitor (A-1000, BIS 3.1 algorithm, rev. 3.12 software. 
Aspect Medical Systems. MA, U.S.A.). The BIS, MF and 95% SEF required at least 
30 s to be fully updated. The values were stored automatically on a microcomputer 
(T1950CT, Toshiba. Japan) at 5 s intervals. The EEG before induction of anaesthesia 
was obtained with the patient's eyes closed. 

Auditory evoked potentials acquisition 

The AEP were obtained using a similar system to that described in our previous 
studies [15][20] from three electrodes (Zipprep) placed on the right mastoid (-r), 
middle forehead (-) and Fp2 as the reference. The amplifier was custom-built with a 5 
kV medical grade isolation. It had a common mode rejection ratio of 170 dB with 
balanced source impedance, input voltage noise of 0.3 liV (10 Hz - i kHz rmsj and 
current input noise of 4 pA (0.05 Hz - 1 kHz rms). A third-order Butterworth analogue 
band-pass filter with a bandwidth of 1-220 Hz was used. The clicks were 70 dB above 
the normal hearing threshold and had a duration of 1 ms. They were presented at a rate 
of 6.9 Hz to both ears. The amplified EEG was sampled at 1778 Hz by a 12-bit 
analogue to digital convener (PCM-DAS08, Computer Boards Inc.. MA. U.S.A.) and 
was processed in real-time by the microcomputer. AEP were produced by averaging 
256 sweeps of 144 ms duration. The time required to have a full update of the signal 
was 36.9 s, but a moving time averaging technique allowed a taster response time to 
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any change in the signal. AEP were obtained at 3 s intervals. The AEPIndex is a 
mathematical derivative reflecting morphology of the AEP. The value was calculated 
as the sum of the square root of the absolute difference between every two successive 
0.56 ms segment of the AEP waveform [19]. 

Data analyses 

Each variable was recorded simultaneously and averaged values for 15 seconds were 
obtained at 10 periods; before induction of anaesthesia, 5 minutes after induction. 5 
minutes before start of CPB, during CPB (5 y 10, 20 and 30 minutes elapsed, and 5 
minuies before end of CPB), 5 and 30 minutes after end of CPB. The values of the 
four variables were analysed using the Kruskal-Wallis test with the Dunnett test. For 
evaluation of the effects of CPB on the four variables, the values of 5 minutes before 
and 5 minutes after start of CPB were analysed with Wilcoxon's single rank sum test. 
p<0.05 was considered statistically significant. The correlation between the four 
variables and nasopharyngeal temperature during cooling were also analysed with 
linear regression analysis. The values of the four variables were averaged for interval 
of 15 seconds and were sampled between one minute before start of CPB and the 
period when the nasopharyngeal temperature became minimum. 

RESULTS 

Anaesthesia was uneventful for all 12 patients. No patients had recall of intraoperative 
events. We did not observe sweating and tear formation in any patients. Anaesthesia 
related data are shown in table 2. Changes of arterial pressures and heart rate were 
shown in figures 3 and 4. 
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Changes of the four variables during anaesthesia 

Changes of the four variables at the ten periods during anaesthesia are shown in 
figures 5 and 6. Following induction of anaesthesia, all four variables decreased but 
only the AEPIndex was significantly different between before and 5 minutes after 
induction of anaesthesia. The values of AEPIndex and BIS before and after CPB were 
completely separated from those before induction of anaesthesia without any 
overlapping but the values of SEF and MF were not. The values of the four variables 
were not different between before and after the start of CPB. During CPB, the values 
of AEPIndex, MF and SEF were tightly distributed. The values of SEF at 20 minutes 
and 30 minutes after the start of CPB, and that of AEPIndex at 30 minutes after start 
of CPB were smaller than those at 5 minutes before CPB. The values of BIS were 
very variable among the patients during CPB, especially during hypothermia and 
overlapped with those before induction of anaesthesia. When the value of BIS were 
above 80 during hypothermia, the raw EEG demonstrated burst and suppression 
pattern. The variability decreased during rewarming. The values of AEPIndex 
throughout the anaesthesia never overlapped with those before induction of 
anaesthesia. 

Correlation between the four variables and nasopharyngeal temperature during 
cooling 

During the cooling phase of CPB, the values of AEPIndex, BIS and SEF slightly 
decreased with decreasing nasopharyngeal temperature (Figures 7-10). The correlation 
coefficient was the largest in SEF. Although AEPIndex and SEF were tightly 
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distributed between 36 and 27 °C, the values of BIS were widely spread below 32 °C 
(Figure 8). The values of MF were widely spread above 3 1 °C, but were tightly 
distributed below 31 °C. Although the correlation was weak, the values of MF slightly 
increased with decreasing nasopharyngeal temperature. 
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DISCUSSION 

Neurophysiological changes during hypothermia are characterised by decreased 
resting potential and decreased amplitude but increased duration of action potential, 
reduction of nerve conduction velocity, and impairment of synaptic transmission 
following reduced neurotransmitter release [24]. In unanaesthetised experimental 
animals, cooling to 33 °C may produce cerebral stimulatory effects as reflected by 
arousal phenomena, increased amplitude in evoked potentials, and hyper-responsive 
reflexes [25]. At that time, EEG spectra shift to theta-activity as well as to beta- 
activity. Functional suppression occurs at temperatures below 32 °C. In the clinical 
situation, however, the neurophysiological changes may be modified by various 
anaesthetic agents. 

In the present study, propofol and alfentanil are the principal anaesthetic agents that 
should affect neurophysiological activity. Because propofol has been reported to 
suppress markedly the AEP [26], BIS [27], SEF [5] and MF [6] in dose dependent 
fashion, changes in propofol blood concentration, especially its protein unbinding 
traction, should affect the results. In the present study, the mean target propofol blood 
concentration was managed within a narrow range. The target control infusion system 
normally produces small discrepancies between the calculated and actual blood 
concentrations with a bias (the mean prediction error) of -2 %. and precision (the 
mean of the individual absolute prediction errors) of 15.1 % [23]. However, 
hypothermic CPB increases the distribution volume of propofol [29],[30] and may 
lead to sequestration of propofol by the CPB circuit [31]. In addition, metabolism of 
propofol may be decreased, and haemodilution and heparin administration increase 
the protein unbound traction of propofol [29]. Therefore there might be large 
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discrepancy between the target and actual concentrations of propofol and it is difficult 
to predict the changes of free propofol concentration at the effector site during the 
CPB. 

Although the target blood concentrations of propofol at 5 minutes after the start of 
CPB were almost same as those of 5 minutes before the start of CPB. the actual blood 
concentration of propofol might be different between the two periods. In spite of the 
possible change of the propofol concentrations, the values of all four variables at 5 
minutes after the start of CPB were almost same as those of 5 minutes before the start 
CPB. This suggested that CPB does not affect the electrophysiological variables when 
propofol is infused with the "Diprifusor" target controlled infusion svstem to maintain 
the blood concentration to be stable. 

The target alfentanil plasma concentration was set at high values before CPB and 
gradually decreased during and after CPB. However, this change of alfentanil plasma 
concentration should not affect the measurements because alfentanil has only slight 
effects on the electrophysiological variables [32). 

Several studies [12] ? [13] reported that the BIS was much superior to former EEG 
derivatives to detect awareness and to predict movement induced by surgical 
stimulation during non cardiac anaesthesia. However, in the present study, the BIS 
was distributed very widely during hypothermia whereas the other three variables 
were distributed more tightly. We evaluate all the patients were unconscious 
throughout the anaesthesia because there was no recall of intraoperative events, no 
sweating and tear formation. We also believe the patients were deeply anaesthetised 
and were unconscious when the BIS was high during hypothermia because the raw 
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* dependent changes of SEF during rewarming with fentanyl, halothane or isoflurane 

anaesthesia. Bashein and colleagues [9] could not find any general definition of the 
normal EEG response to hypothermia with fentanyl , diazepam and eoflurane 
anaesthesia, because of large interpatienc variability. In the present study, SEF 
correlated well with nasopharyngeal temperature. The inconsistency among the tour 
studies may depend on differences between the anaesthetic methods used. Although 
both SEF and MF were distributed tightly during hypothermia, their values before 
induction were spread widely and were not discriminated clearly from those during 
anaesthesia. This finding suggested that SEF and MF did not have adequate 
characteristics as a desirable depth of anaesthesia monitor during cardiac anaesthesia. 
In conclusions, all four variables were not affected by the transition to CPB. During 
hypothermia AEPIndex, MF and SEF were tightly distributed but BIS was not. The 

I AEPIndex was the most stable and reliable as a depth of anaesthesia monitor among 

the four variables in cardiac bypass surgery. 
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EEG showed burst and suppression pattern at that occasion. This finding suggested 
that the algorithm used to calculated the BIS had some serious problems in processing 
the EEG during hypothermia especially at burst and suppression EEG. 

Hett and colleagues [21] reported that the MLAEP was suppressed at 28 jC during 
CPB with decreased amplitude of Pa and Nb and increased latency of Pa and Nb. In 
the present study, the values of AEPIndex decreased linearly during the cooling phase 
of CPB. These two finding are comparable with each other. Although Hett and 
colleagues reported the amplitude of Pa and Nb after CPB were larger than those 
before CPB, the AEPIndex in the present study did not change at the start of CPB. 
This inconsistency may depend on the difference in anaesthetic methods used; the 
target control infusions of propofol and aifentanil in our study, and intermittent 
injection of fentanyl with nitrous oxide and isoflurane ? substituted by propofol 
infusion during CPB. in Hett's study. The present study demonstrated that AEPIndex 
markedly decreased after induction of anaesthesia and the values were distributed 
tightly mainly below 40 throughout anaesthesia. This rinding suggests that the 
AEPIndex could provide reliable information to distinguish consciousness from 
unconsciousness. The AEPIndex of below 40 could be considered- as reflecting 
adequate anaesthesia regardless of body temperature. 

In previous studies, the relationships between SEF and body temperature were not 
consistent. Russ and colleagues [7] reported that the SEF was correlated linearly with 
nasopharyngeal temperature during cooling with fentanyl and nitrous oxide 
anaesthesia. On the contrary, Levy and colleagues [8] did not find any temperature 
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Legends 

Figure 1 

Changes of the target biood concentrations (mean ± SD, n = 12) of propofol (O) and 
alfentanil (■) at nine periods during anaesthesia; 5 minutes after induction, 5 minutes 
before start of CPB, during CPB (5, 10, 20 and 30 minutes elapsed, and 5 minutes 
before end of CPB), 5 and 30 minutes after end of CPB. 

Figure 2 

Changes of nasopharyngeal temperature (mean i SD, n = 12) at nine periods during 
anaesthesia: 5 minutes after induction. 5 minutes before start of CPB, during CPB (5, 
10, 20 and 30 minutes elapsed, and 5 minutes before end of CPB), 5 and 30 minutes 
after end of CPB. 

Figure 3 

Changes of systolic (T) and diastolic (▲) arterial pressures during anaesthesia, mean 
= SD, n = 12; before induction of anaesthesia, 5 minutes after induction, 5 minutes 
before start of CPB. during CPB (5, 10. 20 and 30 minutes elapsed, and 5 minutes 
before end of CPB), 5 and 30 minutes after end of CPB. 

Figure 4 

Changes of heart rate (mean = SD. n = 12) at ten periods during anaesthesia; before 
induction of anaesthesia. 5 minutes after induction, 5 minutes before start of CPB. 
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during CPB (5, 10, 20 and 30 minutes elapsed, and 5 minutes before end of CPB), 5 
and 30 minutes after end of CPB. 



Figure 5 Changes of AEPIndex (•) and BIS (□) at ten periods during anaesthesia: 
before induction of anaesthesia, 5 minutes after induction, 5 minutes before start of 
CPB. during CPB (5, 10. 20 and 30 minutes elapsed, and 5 minutes before end of 
CPB), 5 and 30 minutes after end of CPB. Data are mean ± range, n = 12. *: p<0.05 
compared with the value before induction of anaesthesia. #: p<0.05 compared with the 
value 5 minutes before the start of CPB. 



Figure 6 

Changes of SEF (A) and MF (♦) at ten periods during anaesthesia: before induction 
of anaesthesia, 5 minutes after induction, 5 minutes before start of CPB, during CPB 
(5, 10, 20 and 30 minutes elapsed, and 5 minutes before end of CPB), 5 and 30 
minutes after end of CPB. Data are mean ± range, n = 12. *: p<0.05 comparing with 
the value before induction of anaesthesia. U: p<0.05 comparing with the value 5 
minutes before start of CPB. 



Figure 7 

The correlation between nasopharyngeal temperature and AEPIndex during cooling. 
AEPIndex = 0,713 Nasopharyngeal temperature + 4.488. r = 0.409 



Figure 8 

The correlation between nasopharyngeal temperature and BIS during cooling. 
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Figure 9 

The correlation between nasopharyngeal temperature and SEF during cooling. SEF = 
0.564 Nasopharyngeal temperature - 5.73 1, r = 0.683 

Figure 10 

The correlation between nasopharyngeal temperature and MF during cooling. 
MF = -0.089 Nasopharyngeal temperature + 6.859. r = 0.246 
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We compared the auditory evoked potential (AEP) Index (a numerical index derived 
from the AEP), the 95% spectral edge frequency (SEF) and median frequency (MF) 
and the bispectral index (BIS) during alternating periods of consciousness and 
unconsciousness produced by target controlled infusions of propofol. Twelve patients 
undergoing hip or knee replacement under spinal anaesthesia were studied. During 
periods of consciousness and unconsciousness, respective mean (SD) values for the 
four measurements were: AEP Index of 60.8 (13.7) and 37.6 (6.5): BIS of 85.1 (8.2) 
and 66.8 (10.5); SEF of 24.2 (2.2) and 18.7 (2.1), and MF of 10.9 (3.3) and 8.8 (2.0). 
Threshold values with a specificity of 100% for a state of unconsciousness were: an 
AEP Index of 37 (sensitivity 52%), a BIS of 55 (sensitivity 15%) and a SEF of 16.0 
(sensitivity 9%). There was no recorded value of the MF that was 100% specific for 
unconsciousness. Of the four measurements, only the AEP Index demonstrated a 
significant difference (P < 0.05) between all mean values one minute before recovery 
of consciousness and all mean values one minute after recovery of consciousness. Our 
findings suggest that of the four electrophysiologic variables, the AEP Index is best at 
distinguishing the transition from unconsciousness to consciousness. 

Key words: auditory evoked potential index, auditory evoked potentials, bispectral 
index, spectral edge frequency, median frequency, depth of anaesthesia, 
consciousness. 



SUBSTITUTE SHEET (RULE 26) 



WO98/10701 PCT/GB97/02435 

- 35 - 

The ability to detect recovery of consciousness from a state of unconsciousness is an 
essential attribute of a monitor of anaesthetic depth, so that awareness under 
anaesthesia may be prevented. While an ideal method of assessment of anaesthetic 
depth remains an elusive goal, it has been suggested that monitoring of auditory 
evoked potentials (AEP) 10 or bispectral electroencephalographs (EEG) analysis 4 ' 3 
may be more reliable than other techniques. Recently the AEP Index (formerly 
known as the Level of Arousal Score), a mathematical derivative which reflects AEP 
waveform morphology that is calculated from the amplitude difference between 
successive segments of the AEP curve, 9 has been investigated as a means of 
assessment of anaesthetic depth. 10 * 12 The median frequency (MF) ,W4 and the 95% 
spectral edge frequency (SEF) ? ,i of the EEG power spectrum have also been 
investigated for assessing anaesthetic depth and have been incorporated into 
commercially available monitors for this purpose. 



In a recent study, our group observed that while the BIS and to a lesser extent the SEF 
correlated well with predicted blood propofol concentrations during recovery from 
anaesthesia, the AEP Index was best at distinguishing consciousness from 
unconsciousness. 16 The present study was therefore designed to investigate further the 
ability of the AEP Index, the BIS. the SEF and the MF to identify awareness by their 
capacity to detect recovery of consciousness. We assessed changes in these 
electrophysiological measurements during alternating periods of unconsciousness and 
consciousness, investigated the reproducibility of these changes in each patient and 
analysed the amount of inter-patient variability. 
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Patients and Methods 

After obtaining Hospital Ethics Committee approval and informed consent. 12 
patients scheduled for orthopaedic surgery (hip or knee replacement) under spinal 
anaesthesia were included in the study. Two (2) male patients and 10 female patients 
with a mean (range) age of 73.8 (62-82) yr and a mean (range) weight of 70.7 (55-84) 
kg completed the study. Patients with psychiatric or hearing abnormalities were 
excluded from the study. 

All patients were premedicated with temazepam 30 mg given 2 hours before surgery. 
Spinal anaesthesia was established with either 3.0 - 3.5 ml of 0.5% or 3 ml of 0.75% 
plain bupivacaine administered via a 26 G needle at the L 2-3 interspace. An epidural 
catheter was also inserted for administration of top-ups during surgery in prolonged 
cases. 

After ensuring adequate regional anaesthesia for surgery, a target controlled infusion 
(TCI) 17 of propofol was commenced and oxygen administered via a nasal sponge. One 
anaesthetist was responsible for standard monitoring of the patient and for 
manipulating the TCI propofol to produce alternating periods of consciousness and 
unconsciousness. Two investigators were present in addition to the anaesthetist 
responsible for conducting the anaesthetic. One investigator observed the AEP 
system and the EEG monitor, and recorded the timing of events such as the onset of 
unconsciousness and consciousness. At intervals ot" 30 s. the second investigator 
established the presence or absence of an eyelash reflex and the patient's response to a 
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verbal command to squeeze the investigator's hand. The transition from 
consciousness to unconsciousness was defined as the point at which loss of response 
to the verbal command occurred, and the return of this response was considered the 
transition from unconsciousness to consciousness. 



AUDITORY EVOKED POTENTIAL MONITORING 

Auditory evoked potentials were monitored as described in our previous studies. :6IS 
The EEG was obtained from three disposable silver-silver chloride electrodes 
(Zipprep, Aspect Medical Systems, USA) placed on the right mastoid (+), middle 
forehead (-) and Fp 2 as the reference. The custom-built amplifier had a 5 kV medical 
grade isolation, common mode rejection ratio of 170 dB with balanced source 
impedance, input voltage noise of 0.3 p.V and current input noise of 4 pA (0.05 Hz - I 
kHz rms). A third-order Butterworth analogue band-pass filter with a bandwidth of 1- 
220 Hz was used. The auditory clicks were of 1 ms duration and 70 dB above the 
normal hearing threshold. They were presented to the right ear at a rate of 6.9 Hz. 
The amplified EEG was sampled at a frequency of 1778 Hz by a high accuracy, low 
distortion 12-bit analogue to digital convener (PCM-DAS08. Computer Boards Inc., 
USA) and processed in real-time by a microcomputer (T1950CT, Toshiba. Japan). 

The AEP were produced by averaging 256 sweeps of 144 ms duration. The time 
required to have a full update of the signal was 36.9 s, but a moving time averaging 
technique allowed a faster response time to any change in the signal. Averaged curves 
were obtained at 3 s intervals. 
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The AEP Index, which reflects the morphology of the AEP curves, allowed on-line 
analysis of the AEP. It is calculated as the sum of the square root of the absolute 
difference between every two successive 0.56 ms segments of the AEP waveform. 13 
The AEP and other data were stored automatically on the microcomputer's hard disk 
every 3 seconds, enabling future retrieval for further analysis. 



EEG BISPECTRAL AND POWER SPECTRAL ANALYSIS 

The EEG was obtained from four Zipprep electrodes placed on both sides of the outer 
malar bone (At, and Au) with Fpz as the reference and Fp, as the ground. The EEG 
bispectrum. SEP and MF were monitored using a commercially available EEG 
monitor (A- 1000, BIS 3.0 algorithm, rev. 0.40 software, Aspect Medical Systems. 
USA). The update rate on the Bispectral index monitor was set to 10 seconds with the 
bispectral smoothing function switched off. Data from the A- 1000 EEG monitor were 
downloaded automatically and stored on the microcomputer every 5 seconds. 



Both monitoring systems (AEP and EEG) had sophisticated artefact rejection 
algorithms and the amplifiers of both also had medical grade isolation. Furthermore, 
the auditory clicks that produced the AEP generate signals 100 times smaller than the 
remainder of the EEG. Therefore, although the AEP and EEG were monitored 
simultaneously, there would have been no interference between the two systems that 
could have affected the results. 
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DATA ANALYSIS 

Periods of consciousness and unconsciousness extended between the time of recovery 
of consciousness (response to verbal command) and the time when consciousness was 
lost (loss of response to verbal command). However, the periods from one minute 
before until one minute after transitions from one state of consciousness to the next 
were excluded when conscious and unconscious values of each measurement were 
analysed. These periods were excluded because they were likely to contain values 
representative of both consciousness and unconsciousness, since 36.9 seconds were 
required to obtain a full update of the AEP Index (and 30 s for the BIS), and patients 
were also most likely to be drifting in and out of consciousness during these periods. 
Therefore, conscious values were considered to be those recorded during periods from 
I minute after regaining consciousness until I minute before the next loss of 
consciousness (fig. I). Unconscious values were those recorded during periods from 
1 minute after loss of consciousness until 1 minute before the next recovery of 
consciousness (fig. 1). 



To investigate the ability of the electrophysiologic variables to detect awareness, 
values recorded I minute before recovery of consciousness were compared with 
values at 1 minute after consciousness returned (fig. I). All patients had at least three 
transitions from unconsciousness to consciousness. Therefore, the first three 
transitions were used to compare the ability of the different measurement systems to 
detect these transitions. 
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The mean, standard deviation (SD) and range of values of each measurement 
occurring during all periods of consciousness and unconsciousness, were determined 
by analysing all conscious and unconscious values respectively, recorded over the 
course of the entire study. These measurements made during all periods of 
unconsciousness and consciousness were used to determine threshold values with 
100% specificity and threshold values with approximately 85% sensitivity. Statistical 
analysis was with Minitab 10.5 for Windows, using ANOVA with Tukey's test. P < 
0.05 was considered significant. 

All patients were interviewed on the day after surgery about their memory of 
intraoperative events. They were also questioned about their satisfaction with the 
auditory clicks and the technique of monitoring. 



Results 

The mean (range) duration of surgery was 74 (58-121) minutes. There was a mean 
(range) of 10 (6 - 20) periods of consciousness and unconsciousness. 

Auditory Evoked Potential Index 

Table I shows the mean (range; of AEP Index. BIS, SEF and MF values recorded 
during all conscious or unconscious periods as defined above. Table 2 shows 
threshold values of the four measurements with 100% specificity and threshold values 
with close to 85% sensitivity for states of consciousness and unconsciousness. In 
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Spectral Edge Frequency 

Comparable to the BIS but unlike the AEP Index, some SEF values during 
unconsciousness were higher than the mean value during consciousness, and some 
conscious values were lower than the mean value during unconsciousness (table 1). A 
SEF of 16.0 Hz had a specificity of 100% but only 9% sensitivity for a state of 
unconsciousness (table 2). A value of 26.6 Hz was 100% specific but only 15% 
sensitive for consciousness. Figure 3 shows the mean (SD) SEF and MF at I minute 
before and after the first 3 transitions from unconsciousness to consciousness. Like 
the BIS but unlike the AEP Index, mean awake values of the SEF 1 minute after the 
return of consciousness were not all significantly different from mean unconscious 
values 1 minute before regaining consciousness (P < 0.05). Similar to the AEP Index 
but unlike the BIS. awake values of the SEF were generally more variable than values 
recorded during periods of unconsciousness (fig. 3). 

Median Frequency 

Similar to the BIS and the SEF ? some values of the MF during unconsciousness were 
higher than the mean value during consciousness, and some conscious values were 
lower than the mean value during unconsciousness (table 1). The lowest recorded 
awake value of the MF was lower than the minimum MF value during 
unconsciousness (table 1) so that a value of 1.4 Hz. which was never attained, would 
have been 100% specific for unconsciousness (tabic 2). A MF value of 13.8 Hz was 
100% specific but only 18% sensitive tor consciousness. Figure 3 shows the mean 
(SD) MF at 1 minute before and after the first 3 transitions from unconsciousness to 
consciousness. Although mean awake values of the MF tended to be numerically 
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total, 4,823 unconscious and 2,055 conscious values of the AEP Index, and 2,885 
unconscious and 1,322 conscious values of the BIS, SEF and MF were analysed. A 
threshold value of the AEP Index of 37 had a specificity of 100% and a sensitivity of 
52% for a state of unconsciousness. A threshold value of 56 was 60% sensitive and 
100% specific for consciousness. Figure 2 shows the mean (SD) AEP Index and BIS 
before and after the first 3 transitions from unconsciousness to consciousness. All 
mean awake values I minute after return of consciousness were significantly higher 
than all mean unconscious values I minute before (P < 0.05), AEP Index values 
during periods of consciousness were more variable than values during 
unconsciousness (fig. 2, table I). 

Bispectral Index 

Table 1 shows that, unlike the AEP Index, some BIS values during unconsciousness 
were higher than the mean value during consciousness, and some conscious values 
were also lower than the mean value during unconsciousness. A BIS of 55 had a 
specificity of 100% but was only 15% sensitive for a state of unconsciousness (table 
2). A very high value of 95 was required for 100% specificity for consciousness and 
was only 14% sensitive. Figure 2 shows the mean (SD) BIS at 1 minute before and 
after the first 3 transitions from unconsciousness to consciousness. Unlike the AEP 
Index, mean awake values 1 minute after return of consciousness were not all 
significantly different from mean unconscious values 1 minute before regaining 
consciousness (P < 0.05). The BIS also contrasted with the AEP Index in that values 
recorded during unconsciousness demonstrated more inter-patient variability than 
values during periods of consciousness (table 1). 
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greater than mean values during unconsciousness, ail mean conscious and 
unconscious values were not significantly different. There was relatively large inter- 
patient variability of MF values during both consciousness and unconsciousness, and 
like the AEP Index and the SEF but unlike the BIS, this variability was greater during 
periods of consciousness (fig. 3). 

No patient had recall of any event in theatre, including the application of the 
earphones and the auditory clicks. All patients were satisfied with the anaesthetic 
technique and were happy to have the same technique of monitoring for any future 
anaesthetic. 

Discussion 

I 

Although consistent changes (increased latency and decreased amplitude) in middle 
latency auditory evoked potential (AEP) waves occur as anaesthesia is deepened, it is 
difficult to analyse AEP waves in real time and to quantify changes in the clinical 
situation. The AEP Index, a mathematical derivative that reflects AEP waveform 
morphology, 9 allows on line assessment of the AEP during anaesthesia and surgery. 
Conventional EEG processing techniques such as those used to measure the spectral 
edge frequency (SEF) and the median frequency (MF) ignore the interfrequency phase 
information in the EEG and may be unreliable for monitoring the level of anaesihesia 
due to the variable effects produced by different anaesthetic agents and the large 
interpatient variability. 19 Unlike power spectrum analysis, bispectral EEG analysis 
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also quantifies the phase coupling between component EEG frequencies. 20 The 
Bispectral Index (BIS), a numerical value derived from the EEG bispectrum, has been 
shown to possess characteristics desirable in an anaesthetic depth monitor, such as the 
capacity to predict movement in response to surgery^' 21 and to detect consciousness 22 " 24 
when using a variety of anaesthetic drugs. 



The ability to distinguish consciousness from unconsciousness is an essential feature 
of a monitor of depth of anaesthesia, and was the clinical end point used in this study, 
circumventing the problem of the absence of a universally accepted standard by which 
to compare such monitors under investigation. 



The assumption that awareness, and therefore consciousness, is indicated by a 
response to command has been made in previous studies. 25 ' 26 However, intraoperative 
awareness may occur without postoperative recall/ 7 as occurred in all of our patients. 
Nevertheless, the prevention of the dreaded consequence of intraoperative awareness 
without amnesia, especially in the presence of inadequate analgesia, is one of the most 
important functions of anaesthetic depth monitors. Amnesia for intraoperative events 
may have occurred in our patients because of the use of benzodiazepine 
premedication 23 or from general anaesthetic drugs. 29,30 



The present study demonstrated the potential of the AEP Index to detect recovery of 
consciousness. Of the four electrophysiologic variables studied, only the AEP Index 
demonstrated a significant difference (P < 0.05) between all mean values one minute 
before recovery of consciousness and all mean values one minute after recovery of 
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consciousness (fig. 2). The clear distinction between conscious and unconscious 
values of the AEP Index was also demonstrated by the fact that it was the only 
measurement in the present study whose lowest recorded conscious value was higher 
than the mean unconscious value, and whose highest unconscious value was lower 
than the mean conscious score. 



Although other studies" 0 ' have shown the BIS to be capable of detecting 
consciousness, in the present study the BIS was unable to achieve statistical 
significance when points I minute before and after recovery of consciousness were 
compared. This could be explained by the gradual increase in the BIS which 
frequently occurs during emergence from anaesthesia. J1, 32 Values recorded 2 minutes 
apart (1 minute before and after recovery) would therefore be more similar to each 
other than corresponding AEP Index values, which increase suddenly at the time of 
awakening. 16 Figure 4, which is a graph of changes in AEP Index and BIS for one of 
the patients in the present study, demonstrates this gradual increase in BIS during the 
first transition from unconsciousness to consciousness. In contrast, the AEP Index 
increased sharply at all three transitions in this patient. 



The MF was least capable of distinguishing consciousness from unconsciousness, as 
all mean conscious and unconscious values were similar to each other (fig. 3). Studies 
by Schwilden and colleagues have suggested that MF values below approximately 5 
Hz indicate unconsciousness and that values of 2-3 Hz indicate a satisfactory depth of 
anaesthesia. 13,33 " 35 The difference between our findings and those of Schwilden and 
co-workers may be explained by differences in methodology and by the effects of 
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EEG burst suppression which lead to misinterpretation of the EEG power spectrum. 36 
In addition, there is possibly a lag between changes in MF and changes in anaesthetic 
concentration during recovery which could explain the lower values during conscious 
periods and higher unconscious values demonstrated in one of the patients in the 
present study (fig. 5). 

The already low frequency of awareness under anaesthesia of 0.1 %r zl and the 
potentially disastrous consequences of its occurrence, suggest that we should be 
attempting to develop monitors that will almost guarantee its elimination by reliablv 
detecting unconsciousness. Such a monitor should be capable of providing 
information that is specific for unconsciousness at a level of anaesthesia that is not 
excessive. A BIS value of 55 was 100% specific but only 15% sensitive for 
unconsciousness (table 2). Additionally, a threshold value of 95 was necessary for 
100% specificity for consciousness, as there were very high values of the BIS 
recorded during periods of unconsciousness. These findings suggest that the BIS 
could not be used to direct anaesthetic administration to ensure unconsciousness 
without the risk of excessive anaesthesia. Values of the BIS which are specific for 
unconsciousness are not sensitive enough, and some adequately anaesthetised 
(clinically unconscious) patients have BIS values of fully awake subjects. 

A similar problem of excessive anaesthesia may occur if the SEF is used to ensure 
unconsciousness, as a value of 16.0 Hz was 100% specific bat only 9% sensitive for 
unconsciousness. Very high SEF values were also recorded during unconsciousness 
so that a value of 26.6 Hz was necessary for 100% specificity for consciousness. 
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In contrast, an AEP Index of 37 was 100% specific for unconsciousness, with a much 
greater level of sensitivity (52%) than corresponding SEF and BIS values. There was 
also no problem of unconscious patients with a very high AEP Index, and a value of 
56 was 100% specific and 60% sensitive for consciousness. These findings suggest 
that it may be possible to aim for an AEP Index value that ensures unconsciousness 
while avoiding excessive anaesthesia. 

The range of BIS values during periods of consciousness in the present study varied 
between 68 - 98. Other studies have reported variable BIS values of around 50 - S5 at 
the time of recovery of consciousness. 110 2 - 4 Flaishon and colIeagues :: reported that 
no unconsciousness was observed when the BIS was greater than 70 and no 
consciousness occurred below 65. In contrast, no consciousness was observed in the 
present study below a score of 55, while 36% of BIS values during unconsciousness 
(1.048 out of 2,885 values) were above 70. The wide variation in BIS values among 
these studies may be due to the use of different anaesthetic agents and to the different 
clinical end-points used to define consciousness. 

Other studies have reported differing results for SEF and MF during consciousness 
and unconsciousness. The median SEF was 20.4 Hz on recovery and 10.1 Hz during 
anaesthesia in one of the studies in Schwilden's series' 3 compared to corresponding 
mean values of 24.2 Hz and IS. 7 Hz in the present study. However, there was large 
variability in SEF values in both studies. Arndt and colleagues reported that adequate 
anaesthesia could be expected when the SEF ranged between 14-16 Hz. :,s While a SEF 
of 16 Hz was 100% specific for unconsciousness in the present study (table 2). it was 
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only 9% sensitive. Schwilden and colleagues also reported that no response to verbal 
command occurred below a MF of 5 Hz for a variety of drugs. 3305 In contrast, 
consciousness was present in the range 2 - 19 Hz in the present study and, while 5 Hz 
was 94% specific for unconsciousness, it was only 7% sensitive. 



The present study demonstrated the potential of the AEP Index to detect recovery of 
consciousness from propofol anaesthesia. Unconsciousness due to different 
anaesthetic agents may produce dissimilar effects on the EEG ,CU9J0 and on the 
BIS, 2141 " 44 although consistent changes have been demonstrated in MLAEP waves.2 5 4S " 
47 Further studies are therefore necessary to investigate the ability of these 
measurements to detect recovery of consciousness from anaesthesia produced by 
different drugs. Another limitation of the present study was the lack of influence of 
surgical stimuli, effectively abolished by spinal anaesthesia, on the four 
measurements. Surgical stimulation is known to affect the EEG JS and the AEP. 48 * 30 
However it would be morally and- ethically challenging to design a study in which 
consciousness was repeatedly induced in the presence of a painful surgical wound. 
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TABLE 1 Mean (range) values of the auditory evoked potentials (AEP) Index, 
bispectral index (BIS), 95% spectral edge frequency (SEF) and median frequency 
(MF) during consciousness (consc) and unconsciousness (unconsc). 



Unconsc Consc 



AEP Index 


37.6 (21 


-55) 


60.8 (38 - 98) 


BIS 


66.8 (40 


-94) 


85.1 (56 -98) 


SEF 


18.7(12.5 


- 26.5) 


24.2 (16.1 - 29.1) 


MF 


8.8(1.7- 


13.7) 


10.9(1.5- 18.9) 
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TABLE 2 Values of the auditory evoked potentials (AEP) Index, bispectrai index 
(BIS), 95% spectral edge frequency (SEF) and median frequency (MF) with 100% 

specificity and values with approximately 85% sensitivity for consciousness and 
unconsciousness. 



UNCONSCIOUS 



CONSCIOUS 



Threshold Sensitivity (%) Speciflciry (%) 

AEP Index 37 52 100 

44 85 87 

BIS 55 15 100 

76 86 83 

SEF 16.0 9 100 

21.0 85 92 

MF 1.4 0 100 

10.7 85 55 



AEP Index 56 60 100 

45 87 85 

BIS 95 14 100 

75 88 80 

SEF 26.6 15 100 

21.9 84 92 

MF 13.8 IS 100 

7.9 85 25 
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Summary 

We described a novel index derived from the auditory evoked potential, the auditory evoked 
potential index, and we compared it with latencies and amplitudes related to clinical signs of 
consciousness and unconsciousness. Eleven patients, scheduled for total knee replacement 
under spinal anaesthesia, completed the study. The initial mean (SD) value of the auditory 
evoked potential index was 72.5 (11.2). During the first period of unconsciousness it 
decreased to 39.6 (6.9) and returned to 66.8 (12.5) when patients regained consciousness. 
Thereafter, similar values were obtained whenever patients lost and regained 
consciousness. Latencies and amplitudes changed in a similar fashion. From all parameters 
studied. Na latencies had the greatest overlap between successive awake and asleep 
states. The auditory evoked potential index and Nb latencies had no overlap. The consistent 
changes demonstrated, suggest that the auditory evoked potential index could be used as a 
reliable indicator of potential awareness during propofol anaesthesia instead of latencies and 
amplitudes. 

KEY WORDS: Anaesthesia: Anaesthesia, depth of; Anaesthesia, general; Anaesthesia, 
intravenous: Anaesthesia, monitoring: Awareness; Evoked potentials: Evoked potentials, 
auditory; Digital signal processing; Propofol. 
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Introduction 

It has been shown that changes in auditory evoked potential (AEP) amplitudes and latencies 
correlate well with depth of anaesthesia. These changes are similar for equipotent doses of 
enfiurane [1], halothane [2], isoflurane [3], etomidate [4], Althesin [5] and propofol [6] and are 
partially reversed by surgical stimulation [7]. 

The mam problem associated with the use of AEPs to measure depth of anaesthesia is the 
complexity of the required methodology. Typically, the raw EEG is divided into 1024-2048 
epochs of 80-150 ms, averaged and displayed on the computer screen. Amplitudes and 
latencies are measured manually off-line. This is acceptable in audiological studies where 
the data acquisition and processing time can be extended almost indefinitely. In anaesthesia, 
though, it is inadequate, as the condition of the patient changes much more rapidly and a 
faster update is required. Lower repetition numbers have been used successfully to provide 
good quality signals [8-12]. However, reliable peak recognition still remains a problem. Even 
if this could be performed automatically on-line, we would still be left with the problem of 
determining which variable reflects depth of anaesthesia best. What is needed is a singie 
numerical parameter extracted from the auditory evoked potentials, which provides an 
estimate of anaesthetic depth in a simple and reliable manner. Ideally, this parameter snould 
be easy to extract, reliable, not computationally intensive and updated in short, clinically 
useful intervals. Some aspects of the problem were discussed in an editorial by Sebel and 
colleagues (13]. They suggested that the final index derived from evoked potentials would 
probably be a function of both latencies and amplitudes. 

A numerical index, based on the average 'double differential" of the AEP waveform, was 
proposed by the Northwick Park group [10.14]. However, no data are available to determine 
its value. 
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Using a purpose-built system, we were able to record and process the raw EEG, acquire the 
AEP and extract an auditory evoked potential index (AEPidx) in real time. This index reflects 
latencies and amplitudes of the AEP, as suggested by Sebel and colleagues. In this report, 
we attempted to compare the AEPidx with latencies and amplitudes and relate them to 
clinical signs of consciousness and unconsciousness. 

Patients and Methods 

We used data obtained during a previous study, which reported the results of changes in 
AEP latencies [11 J. This study was approved by the Hospital Ethics Committee. Twelve 
patients who gave their written informed consent underwent total knee replacement under 
spinal anaesthesia. 

The AEP was obtained by averaging 256 epochs of 144 ms duration using a purpose-built 
PC-based system. The AEP was filtered by a digital 35-point low-pass finite impulse 
response (FIR) filter with a cut-off frequency of 87 Hz. It was then analysed using a 
proprietary algorithm which provided us with a single numerical value, reflecting both 
amplitudes and frequencies of the AEP, the auditory evoked potential index. The AEP curves 
and the trend of the AEPidx were displayed on the screen, as well as saved on the hard disk 
for further study. 

The AEPidx is a mathematical derivative reflecting the morphology of the AEP. It is 
calculated as the sum of the square root of the absolute difference between every two 
successive segments of the AEP waveform [12.15]. 

Figure 1 shows a three-dimensional graph describing the relationship between amplitude 
and frequency of a sinusoidal signal and the corresponding AEPidx. 

During the procedure, propofol was infused until each patient just lost consciousness and 
then the patient was allowed to recover. This was repeated several times. Figure 2 shows 
the display of the computer screen during the procedure. The AEP (and the corresponding 
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AEPidx) was recorded continuously. As a result, we were able to obtain several awake and 
asleep AEP curves, from which we measured values of latency and amplitude off-line. These 
values were compared with their respective AEPidx. Statistical analysis was performed on 
an IBM-compatible computer with MINITAB For Windows (version 6.2). We used the Mann- 
Whitney test (two-sample Wilcoxon rank sum test). 

Results 

Eleven patients completed the study. The median number of periods of unconsciousness 
during each procedure was 3 (range 1-6). 

We compared the previously reported latencies of peaks Na. Pa and Nb with the peak-to- 
peak amplitudes Na-Pa and Pa-Nb and the AEPidx at a point 2 minutes after each transition 
from consciousness to unconsciousness or from unconsciousness to consciousness. These 
measurements are shown in Table 1 and Figure 3. 

From Figure 3 it is fairly obvious that the AEPidx followed all changes in both amplitudes and 
latencies of the AEP consistently. Before the administration of any anaesthetic, the mean 
value of the AEPidx was 72.5. It decreased to 39.6 with the first transition from 
consciousness to unconsciousness and returned to a value slightly lower than the starting 
one when the patients became conscious again. Thereafter, the same pattern was repeated 
whenever the patient lost and regained consciousness. 

All transitions from consciousness to unconsciousness produced statistically significant 
changes with the exception of some Na latencies (Table 1). We also compared all variables 
in pairs during consciousness (Table 2) and unconsciousness (Table 3). 

Discussion 

At present, AEPs are analysed mostly in terms of amplitudes and latencies of the various 
peaks. Spectral analysis with the fast Fourier transformation (FFT) has also been used [16- 
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21). However, a sing! number, reflecting the morphology of the AEP, is highly desirable but 
not yet available. 

From a mathematical point of view, the problem can be defined as mapping a two- 
dimensional vector into a one-dimensional space. Since this is not possible, a data reduction 
technique, which extracts only the relevant features of the AEP, is required. 
We observed that when patients lost consciousness, the amplitudes of the AEP peaks were 
reduced and their latencies were increased. Those changes occurred almost simultaneously 
and in the same direction in all patients. Consequently, a measurement that would reflect 
those changes could be of value. 

The number of patients that had some overlap between the conscious and the anaesthetised 
values depends on the variable measured (Table 4). The AEPidx and the Nb latency were 
the best in this respect (no overlap) and the Na latency the worst (9 overlaps). This means 
that there was no patient who had an awake AEPidx lower than (or an awake Nb latency 
greater than) an unconscious value. Obviously, the more the overlap the less the certainty 
that the variable in question can differentiate between the conscious and the anaesthetised 
state. 

This is in agreement with the findings of Thornton and colleagues [22] who found that the Nb 
latency was the best feature distinguishing the "three wave'' AEP pattern (indicative of light 
anaesthesia) from the "two wave" pattern, which corresponded to deeper levels. Nb 
latencies less than 44.5 ms were associated with a high incidence of responses and with 
very light anaesthesia. They concluded that the MLAEPs reflect the change between 
wakefulness and unconsciousness. However, they stated that further studies were needed 
to develop pattern recognition techniques of the AEP and to allow on-line analysis if it were 
to provide a clinical indicator of awareness. 

The AEPidx has three main advantages over the conventional methods of describing the 
AEP in terms of latencies and amplitudes: 
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• It is easy to calculate. 

• The calculation can be performed in real time. 

• It provides a single numerical variable that describes the underlying morphology of the 
AEP. 

It is interesting to note that the mean awake AEPidx became progressively lower (Table 1). 
Although this did not reach statistical significance, it may indicate the residual sedative effect 
of propofol. 

The AEPidx is not perfect. It is affected by muscle and movement artefacts, diathermy and 
other electrical theatre interference. However, these sources of potential error are eliminated 
by the rigorous artefact rejection algorithms and the low-pass filtering to which the signals 
are subjected [11]. 

Conclusions 

The auditory evoked potential index is a single numerical parameter extracted from the AEP 
using a proprietary data compression algorithm. In the present study, it was shown to 
change according to the patients' state in a consistent and reproducible fashion. It has a 
clear advantage over the Nb latency in the determination of awareness, since it can be 
extracted from the AEP in a rapid and reproducible fashion. More studies are required to 
evaluate its usefulness and. ultimately, determine whether it represents a true measure of 
depth of anaesthesia. 
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Start UNCON 1 CON 1 UNCON 2 CON 2 UNCON 3 CON 3 

(n=11) (n=11) (n=11) (n=10) (n=10) (n~8) (n-8) 

Mean 72.5 39.6 66.8 39.7 65.3 38.9 61.8 

AEPidx SD 11.2 6.9 12.5 5.4 8.9 2.4 9.5 

p=0.0001 p=0.0002 p=0.0002 p=0.0002 p=0.0004 p=0.0009 

Mean 2.2 0.9 1.8 0.9 1.8 1.0 1.9 

Na-Pa SD0.4 0.4 0.4 0.4 0.6 0.4 0.4 

p=0.0001 p=00009 0=0.0008 p=0.0005 p=0.0049 p=0.0027 

Mean 1.8 0.7 1.5 0.8 1.7 0.7 1.6 

Pa-Nb SD 0.7 0.4 0.4 0.2 0.8 0.3 0.8 

p=0.0002 p=0.0008 p=0.0012 p=0.0021 p=0.0043 p=0.003 

Mean 20.0 22.5 21.3 23.2 21.7 23.1 21.3 

Na(ms) SD1.4 2.0 1.4 1.5 1.2 1.7 1.4 

p=0.004 pO.136 p=0.016 p^0.035 p=0.095 p=0065 

Mean 31.7 39.3 33.5 39.2 33.6 39.7 33.3 

Pa(ms) SD 1.0 2.1 1.2 2.7 2 4 3.6 3.3 

p=0.00Q1 p=Q.Q001 p=0.001 p=0001 p=Q.0Q4 o=0.0Q9 

Mean 42.8 57.8 44.6 58.9 43.9 59.1 46.3 
Nb(ms) SD 1.6 4.4 2.1 4.6 3 0 5.9 3.1 
p=0.Q001 p=0.0001 p=0.000l p=0.0002 p=0.0004 p=0.00Q9 



Table 1 Auditory evoked potential latencies and amplitudes and the AEPidx during 
successive transitions from consciousness (CON) to unconsciousness (UNCON). Mean, 
standard deviation (SO) and statistical significance (p). 







Start 


CON 1 


CON 2 


AEPidx 


CON 1 
CON 2 
CON 3 


0.3084 
0.1586 
0.0517 


0.8324 
0.3629 


0.5620 


Na-Pa (uV) 


CON 1 
CON 2 
CON 3 


0 0442 
0.0282 
0.1958 


0.9156 
0.3843 


0.3215 


Pa-Nb (uV) 


CON 1 
CON 2 
CON 3 


0.3387 
0.8868 
0.4279 


0.4795 
0.8346 


0.6867 


Na (ms) 


CON 1 
CON 2 
CON 3 


0.0316 
0.Q029 
0.0580 


0.5433 
1 000 


0.5192 


Pa (ms) 


CON 1 
CON 2 
CON 3 


0.0032 
0.0248 
0.0793 


0.9432 
0.6464 


0.8936 


Nb (ms; 


CON 1 
CON 2 
CON 3 


0 0202 
0.1251 
0.0113 


0.6439 
0.1329 


0.0814 
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Table 2 Statistical significance (p) of comparisons between conscious states for all studied 
AEP parameters. Underlined results indicate significant difference at the 95% level. 







UNCON 1 


UNCON 2 


AEPidx 


UNCON 2 
UNCON 3 


0.7234 
0.6467 


0.8932 


Na-Pa ()iV) 


UNCON 2 
UNCON 3 


0.6700 
0.4785 


0.8233 


Pa-Nb (nV) 


UNCON 2 
UNCON 3 


0.3756 
0.9011 


0.3947 


Na (ms) 


UNCON 2 
UNCON 3 


0.4348 
0.5888 


" 0.8930 


Pa (ms) 


UNCON 2 
UNCON 3 


0.5702 
0.5607 


0.5029 


Nb (ms) 


UNCON 2 
UNCON 3 


1.0000 
0.7404 


0.8586 



Table 3 Statistical significance (p) of comparisons between unconscious states for all studied 
AEP parameters. 



AEPidx Na-Pa (uV) Pa-Nb (uV) Na (ms) Pa(ms) Nb (ms) 

Overlap 0 1 4 9 2 0 
No overlap VI 10 7 2 9 n_ 

Table 4 Number of patients in which the awake parameters overlapped with the asleep 
values. 
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Legends for figures 

Figure 1: Three-dimensional plot of the AEPidx against amplitude (10* 7 V) and frequency 
(Hz). 

Figure 2; A typical AEPidx trace as displayed on the computer screen during surgery. Target 
blood propofol concentration is also shown (black area at the bottom of the 
screen). A= unconscious, B= conscious. At point C, the propofol infusion was 
increased in steps until the patient lost consciousness again. At point D, the 
propofol target was set again to zero. 

Figure 3: Changes in AEP latencies and amplitudes and in the AEPidx during repeated 
periods of consciousness and unconsciousness (mean and standard deviation). 
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CLAIMS 

1 . A method of calculating an index indicative of 
anaesthetic depth, the method comprising subjecting a 
patient to a repetitive audio stimulus, monitoring 
auditory evoked potentials (AEP) produced by the patient, 

5 and providing a signal corresponding to the coarseness of 

the monitored AEP signal, and using said signal as said 
index indicative of anaesthetic depth. 

2. A method as claimed in claim 1 wherein the monitored 
or raw AEP signal is divided into a series of sweeps or 

10 frames of a given duration, each sweep being synchronised 

with the repetitive audio stimulus. 

3 . A method as claimed in claim 2 wherein a number of 
sweeps n are recorded in sequence and are averaged to 
produce a time averaged sweep and for the time averaged 
15 sweep the anaesthesia index is calculated. 

4. A method as claimed in claim 3 wherein each time a 
new series of sweeps is recorded, a new time averaged 
sweep is determined from the most recent n sweeps and the 
anaesthesia index for that time averaged sweep 

20 calculated. 

5. A method as claimed in any preceding claim wherein 
the raw AEP signal is sampled at regular intervals to 
produce a digitised AEP signal. 

6. A method as claimed in any preceding claim wherein 
25 an indication of coarseness is obtained by measuring the 

differences between neighbouring sample points. 

7 . A method as claimed in claim 6 wherein for a moving 
time averaged sweep this measure is a function of the sum 
of the square roots of the difference between every two 

3 0 adjacent sample points in the time averaged sweep. 

8. A method of maintaining closed-loop control of an 
anaesthesia depth, the method comprising supplying a 
dosage of anaesthetic to a patient, calculating an 
anaesthetic depth index according to the above first 

35 aspect of the present invention, and using the value of 

the anaesthetic depth index to regulate the anaesthetic 
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supply to maintain the anaesthesia depth index at or near 
a predetermined level. 

9. A system for calculating an index of anaesthetic 
depth, the system comprising a signal generator for 

5 subjecting a patient to a repetitive audio stimulus, 

electroencephalographic (EEG) recording means for 
coupling to said patient for recording auditory evoked 
potential (AEP) signal from the patient, and computer 
means for receiving said AEP signal, and for processing 
10 said AEP signals and generating an index signal 

indicative of the coarseness of the recorded AEP signal, 
said index signal being representative of the depth of 
anaesthesia. 

10. An anaesthetic supply control system including a 

15 system for calculating an index of anaesthetic depth for 

a patient as claimed in claim 9 including anaesthetic 
supply means and a regulator for receiving said input 
signal, said regulator having received a predetermined 
anaesthetic depth index and said regulator comparing said 

20 index signal and said predetermined signal and providing 

a control signal to said anaesthetic supply means for 
regulating the supply of anaesthetic to the patient to 
maintain the anaesthetic depth index at a predetermined 
level . 
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